Abstract: Polymer network in vertical alignment liquid crystal cell driven by in-plane field (VA-IPS) is formed in three dimensions to achieve fast response time and to keep the liquid crystal alignment even when an external pressure is applied to the cell. The network formed by UV irradiation to vertically aligned liquid crystal cell with reactive mesogen does not disturb a dark state while exhibiting very fast decaying response time less than 2ms in all grey scales and almost zero pooling mura. The proposed device has a strong potential to be applicable to field sequential display owing to super-fast response time and flexible display owing to polymer network in bulk which supports a gap between two substrates. 
Introduction
Nowadays, performance of image quality of the liquid crystal display (LCD) is rapidly improving by applying the advanced LC modes such as in-plane switching (IPS) [1, 2] , fringe field switching (FFS) [3, 4] , and multi-domain vertical alignment (MVA) including polymer stabilization at surface [5] [6] [7] . Nevertheless, LCD is recently challenged by organic lightemitting diode (OLED) display [8] [9] [10] , especially flexible OLED [11, 12] and also electronic paper-like display [13] [14] [15] utilizing plastic substrates. Now the question arises whether flexible LCDs, with plastic substrates, can successfully be made. At present, all commercialized LCDs utilize a nematic liquid crystal (LC) orientated uniformly over large area. Therefore, although plastic film is used in LCDs, applying external pressure to the display or bending the display would deteriorate the displayed image quality because of distortion of cell gap and uniform LC orientation associated with the fluidity of LCs. In addition, high speed LCD modes such as blue phase LCD [16, 17] which provide several μs or less than few ms response time in all grey levels, have to be developed for displaying perfect moving images, and also three-dimensional and field sequential color LCDs.
In LCD-televisions, LCDs with MVA type is still popular because of rubbing-free process and high contrast ratio at normal direction and recently surface polymer-stabilization by adding small amount of RM less than 1 wt% into LC is performed to improve rising response time of the device [18] [19] [20] . All conventional devices use a LC with negative dielectric anisotropy of which the rotational viscosity is higher than the one of a LC with positive dielectric anisotropy. As one of solutions to overcome such the problem, VA mode driven by in-plane field (named VA-IPS) [21] [22] [23] [24] and fringe-field [25, 26] using a LC with positive dielectric anisotropy exhibiting very fast response time are reported. However, the device also exhibits pooling mura by distortion of LC molecules when an external pressure is applied to the display so that all proposed VA modes are not suitable for flexible displays.
In this paper, we investigated the electro-optic characteristics of the VA-IPS cell with polymer network created in the LC bulk. This device shows no pooling mura under an external mechanical pressure while showing faster decay response time due to the polymer network.
Switching principle of the VA-IPS mode with polymer network in bulk
The normalized transmission of light through the VA-IPS cell in which vertically aligned uniaxial LC medium is driven by in-plane electric field under crossed polarizer is given by
where ψ is a voltage-dependent angle between the transmission axes of the crossed polarizer and the LC director, d is a cell gap, Δn eff is the voltage-induced effective birefringence of LC, and λ is the wavelength of the incident light. Figure 1 shows structure of the proposed VA-IPS cell in which interdigitated pixel electrodes exist only on bottom substrate and polymer network is generated in the LC bulk. In general, a bulk polymer network stabilized VA device shows fast response time but low transmission and low contrast ratio due to the light scattering effect [27] . One interesting viewpoint of the proposed device is that the existence of polymer network does not disturb much the orientation of vertical alignment and also the refractive index mismatch between polymer and ordinary refractive index of LC is minimized because the polymer is made of reactive mesogens with its ordinary refractive index similar to that of the LC and its optic axis in vertical direction. Consequently the cell still appears to be black in the field-off state even with polymer network in bulk LC. When the voltage is applied, the in-plane field is generated by the in-plane electrodes, reorient the LC molecules along the field direction with ψ = 45° so that the cell appears white. Unlike conventional VA-IPS cell in which straight form of disclination lines exists between two electrodes, the polydomain type of LC textures without forming a line shape of disclination line is expected to appear in the on-state due to the polymer network (see Fig. 1 ). 
Experimental results and discussion
To fabricate a VA-IPS cell with polymer network in the LC bulk state, the glass substrate without electrode and the other glass with interdigitated electrodes, made of aluminum (Al) with electrode width (w) of 4 μm and distance (l) of 10 μm between electrodes were assembled in a cell with conventional sandwich geometry. The cell gap was fixed to be 4.75 μm using a plastic ball spacer. On the inner surface of both substrates was deposited alignment layer (AL60702 from JSR) promoting vertical alignment (VA). Nematic LC from Merck, with dielectric anisotropy (Δε) of 7.4 at 1 KHz and birefringence (Δn) of 0.088 at 589 nm, was used. In the LC was dissolved 2 wt% of UV curable reactive mesogen (RM) (RM-257 from Merck) and photoinitiator (Igracure 651 from Ciba) of 0.1 wt%. The LC mixture was filled in the cell at room temperature by capillary force. Once the LC mixture adopted vertical alignment in the initial field-off state, the experimental cell was exposed to the UV light (Lightning cure, HAMAMATSU) with 18 mW/cm 2 for 40 min, which caused polymerization of the RMs forming a polymer network in the LC bulk. It should be noted here that the cell after UV illumination appeared in field-off state fully transparent, i. e. without exhibiting visible light scattering. The absence of light scattering indicates that the network fibers are with preferred orientation along the cell substrate normal, since there is no any mismatching of the ordinary (n o ) indices of LC and RM 257. Figure 2 shows polarizing optical macroscopic (POM, Nikon ECLIPSE E600, Japan) images at different applied voltage before and after UV curing. For comparison, POM images before and after UV curing were observed at the same light incidence because the polymer network might disturb LC orientation in some of areas of the cell and also cause scattering by refractive index mismatch between polymer network and LC. The dark states of the both cells were calculated using an image analyzer i-solution TM (IMT i-Solution Inc.), and the leakage transmittance before and after UV curing was 9.02 and 9.06, respectively, showing the presence of a clear dark state. The results imply that the formed polymer network after UV curing did not affect much the vertical alignment of LC and also the scattering by refractive index mismatching between the polymer and LC is minimal. As the applied voltage increases above Freedericksz transition, the transmittance starts to appear between electrodes, as shown in Fig. 2 . Before UV curing, the transmittance starts from electrode edge and extends to the center between electrodes as the applied voltage increases. In the cell, the disclination lines existed in a straight form until the transmittance reached maximum (see Fig. 2(a) ). Interestingly, after UV curing the cell, the cell showed totally different LC texture in the fieldon state. The straight line shape of disclinations did not appear anymore, instead, irregular disclination lines with zigzag shape appeared between electrodes and a polydomain-like texture was found to be formed. In addition, after formation of the polymer network, the disclination lines almost disappeared at very high applied voltage, showing better transmittance (see Fig. 2(b) ). Another noticeable thing is that the device shows bluish white color before UV curing but shows yellowish white color after UV curing, indicating effective retardation of the proposed VA-IPS cell in on-state becomes larger after UV curing because more LC molecules tilt down along the higher intensity of electric field than that of UV curing. Figure 3 shows the measured voltage-dependent transmittance (V-T) curves and response times of the experimental VA-IPS cell before and after UV curing process, using the measuring equipment LCMS-200 (Sesim Photonics Technology Inc, Korea) in which halogen lamp of 100W is used and the beam shape of an incident light is a circle with a diameter of 3 mm. As shown in Fig. 3(a) , the cell with polymer network exhibits higher transmittance in field-on state than that without polymer network, which is consistent with observed textures under POM. However, the threshold and operating voltage became much higher. This is due to the polymer network, formed in the LC bulk after UV curing, resulting in a substantial increase of the solid surface/liquid crystal interface, which in its turn leads to increase of the cell operation voltages. In addition, light leakage in a dark state was slightly increased after UV curing, indicating thus that there exists some level of depolarization of the incident light by the polymer network. Such deterioration of the dark quality was resulting in a decrease of the contrast ratio at normal viewing direction. Overall, V-T curve is shifted to the right after UV curing, implying that reorientation of LC molecules are strongly affected by polymer network. As seen in Fig. 3(a) , the slope of the of the V-T curve decreased also substantially. This indicates the increased impact of the solid surface/liquid crystal anchoring on the electrooptic response of the cell due to the polymer network in LC bulk. Figure 3(b) shows the measured response time characteristics of the experimental VA-IPS cell in eight gray levels by applying a 60 Hz square wave AC voltage before and after UV curing process. Here, the applied voltages for each gray scale were different before and after UV curing. Normally, the rise (τ on ) and decay (τ off ) time of VA cell is given as [28] 2 on off th
where V is applied voltage, V th is the threshold voltage, d is the LC cell gap, γ is the rotational viscosity, and K 3 is the bend elastic constant. In the case of τ on , the VA-IPS cell after UV curing reacted superiorly faster than that before UV curing because higher voltages were applied, that is, V is much higher than V th in the cell with polymer network. The average τ off the VA-IPS cell after UV curing is also much faster than that before UV curing; the decay time in the VA-IPS cell after UV curing was approximately 76% faster. This is due to the polymer network in the LC bulk resulting in an increase of the impact of the solid surface/liquid crystal interactions on the switching process of the LC molecules by the applied electric field. On the other hand the existence of the polymer network also reduces the effective d greatly. Now, in order to find out the origin of higher operating voltage and faster decaying response time obtained in the cell with polymer network, scanning electron microscopy (SEM) images of top and bottom substrate of the cell with polymer network were investigated. The SEM images of the substrates' inner surface are shown in Fig. 4 . For these experiments, top and bottom substrates were detached carefully and the LC was washed using a mixed solvent of hexane and dichlorobenzene. The top view of SEM image of top substrate indicates that irregular polydomain type of polymer network is formed with various intervals from over 1 μm to less than 8 μm between polymer walls (fibres) (see Fig. 4(a) ). The magnified image of one of polymer walls indicates that the height of the polymer wall is 3.51 μm (lower than a cell gap; possibly broken when the cell is opened), and the interval between the walls is 1.84 μm such that the effective cell gap is reduced, which explains faster decay time. Besides the polymer walls, also additional polymer layer, with irregular surface topography, is formed on vertical alignment layer (see Fig. 4(b) ). The polymer network of the bottom substrate was found to be quite different from that of the top substrate, in which the polymer grain is formed only in between electrodes with their height of about 3.37 μm, as shown in Fig. 4(c) and 4(d) . In the experiments, UV light was exposed to the bottom substrate with insertion of reflective mirror above top substrate. Since the electrodes Al blocks an incident UV light, the polymer grains are formed only in between electrode. However, the UV light that passes through the cell reflects again from the mirror and passes through the cell again so that the polydomain type of polymer network is expected to be formed on top substrate. Consequently it seems that the difference between the structures of the polymer networks on the top and on the bottom substrate inner surface, mainly comes from the UV exposure condition, i.e. the UV light is first hitting the substrate bearing the opaque interdigitated electrode structure. Another reason might be the not uniform distribution of the RM upon a non-uniform UV light illumination. There is obviously a relationship between V-T curve, polymdomain texture of LC, and irregular shape of disclination lines. The structure of polymer network of top substrate suggests a polydomain type of LC texture and the irregular grain shape of polymer network on bottom substrate explains irregular shape of disclination lines in the field-on state. Further, the existence of polymer network increases an operating voltage due to the increased area of the solid surface/liquid crystal interface which in fact increases the solid surface/liquid crystal resulting in faster decay response time. As one of proving tips on the effects of polymer network, a 10 wt% of RM was tested. As can be seen in Fig. 5 , quite good level of dark state is achieved but the transmittance does not occur even after applying of 80 V, indicating clearly that the voltage-induced birefringence is greatly reduced with this high amount of RM doping. The SEM images on top substrate show that a totally different shape of polymer network is formed, that is, a smooth type of polymer structure with its thickness of over 1 μm is formed without showing existence of large holes or domains in the polymer network structure. This proves again that the polymer network hinders the LC reorientation along the field. Overall, the obtained results indicated that the optimization of RM content and UV curing conditions is very critical for obtaining good electro-optic performance of VA-IPS cell with polymer network created in the LC bulk. According to the polymer structures in Fig. 4 , the cell gap is also maintained by polymer network in addition to the ball spacer so that reorientation of LC director under external mechanical pressure to the cell (called pooling effect) can be minimized in our experimental cell. To prove reduced pooling effect, an external pressure is applied to two cells, as presented in Fig. 6 . The normal VA-IPS cell, without polymer network, showed pooling effect clearly under the external pressure because the vertically aligned LC molecules tilt down to random directions upon the pressure (see Fig. 6(a) ). However, the proposed VA-IPS cell with polymer network does not show any pooling effect at all when the same pressure is applied to the cell owing to the polymer network which supports top and bottom substrates and prevent any LC flow in the cell due to the mechanical pressure (see Fig. 6(b) ) Fig. 6 . Macroscopic images of (a) normal VA-IPS cell and (b) proposed VA-IPS cell exhibiting clearly comparable pooling effect under an external mechanical pressure.
The VA-IPS cell, with polymer network in the LC bulk, shows very fast response times and excellent durability under mechanical pressure, which is suitable to bendable or flexible display or field-sequential flexible display. Nevertheless, the operating voltage (V op ) seems to be too high in the proposed cell. V op and response times are in trade-off relationship to some levels because loose polymer network would reduce V op but the impact of the solid surface/liquid crystals interactions on the switching process of the LC will be reduced. As known, V op is proportional to l/d (K 3 /ε 0 Δε) 1/2 where K 3 is bend elastic constant. Therefore, further optimization of the cell and LC parameters is required to reduce V op as well as further optimization of RM, its concentration and illumination conditions are required to have a proper polymer structure and thus to be able to obtain desirable operation characteristic of the LC cell.
Summary
We fabricated and studied VA-IPS cell with a polymer network created in the LC bulk. The proposed device still exhibits a good level of a dark state and very fast decaying response time less than 2 ms in all grey levels, which makes it good candidate for field-sequential LCDs. Another unique characteristic of the VA-IPS cell, containing a polymer network, is that, unlike conventional all LC devices which exhibit severe deformation of the LC orientation under an external mechanical pressure, this cell does not show any pooling mura upon applied pressure, suggesting thus that the polymer network in the LC bulk is a suitable approach for bendable as well as for flexible LCDs.
